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THREE-DIMENSIONAL PARTICLE-IN-CELL
MODELING OF RELATIVISTIC ELECTRON BEAM

PRODUCTION AND TRANSPORT FOR KRF LASER PUMPING*

Michael E. Jones and l’. A. Thomas

Applied Theoretical Physics Division
Los Alamos National Laboratory

Los Alamos, NM 87545

ABSTRAC~ The effects of diode geometry and externally ap-
plied magnetic fields on electron beam production and transport
for Krl? laser pumping has been studied using two and three di-
mensional particle-in-cell models. The efficiency with which elec-
trons may he transported through the foil support structure de-
pends critically on the size of the openings in the structure as well
as the magnitude of the applied magnetic fields, As the electron
diodes become larger the current which can be produced becomes
limited by the self-magnetic field of the beam, Simu!aticms sho~v
the diode current is limited to slightly more than the usual “crit-

ical current .“ Holvever this electron flow is found to be unstable,
The application of strong guide fields not only increases the cur-
rent fron] tlic diode but tends to stabilize the electron beam,

INTRODUCTION

The clmig~l of cfl-icimit, lligll pmvm Krypton-Fluoride (KrF) lasers for inertial
fusion applications requires arl accurate lmowkdgc of the characteristics of the
intense relnt ivist ic electron beams used to pump these lasers, The electron tra-
jectc)rics and result i]]g current densities for these beams depend critically orl botl~
tl)c cxtvutdly applic’d and self-consistent electric and magnetic fields in the diode, ]
Issues rcquiri]lg ltirgr scale computation include the effects of diode gmmlctry and
ap])lied c~tc~l]iil n]ag]wt ic field on diode !mpcdancc and spatiul unifwvnity of the
elect rwl l)ciil]l Becn(isv tl]e ~wcuuru in the diode must be scpnrated by a foil from
the hig]l prms~lrr laser gas, a substantial support st ructurc knmvll as a hikiclli
is used to sup])c)rt the foil, A]mther critical issue is the efficimcy wit]] wllic!l the
kJf?~!Tl mRy k trnnsmit! ed through the hibachi,

TIN* pnrticle-i~l-ccl] mock], ISIS, htwbeen modified and used to study diode

performance for existing laser pumping configurate ions and conrcrd unl dmigns for
higl)c’r I)ower liiscrs .2 Tl; is mode] follows thr motiol] of chargml partic]vs ill thr elec-
tric [ind mngurt ic fields obtai~~cd from the full set of t,ir]lr.(lr[)c’~l(i(jllt hfnxwcll’s
equntiorls in both two and three dirm+msions, Coliducting atld w/ivc’-tr[\l]s1~littilig
hou!]dory col](litiolls” nl[ly Ix: applicv] to the field to I]mdr] cl(v-tro(i(” and r(*tur]~ cur-
rcl]t strtlcturcs. Pa.rticlr boulldmy con(litions incllldc spnce-ch~irgr lilllited cv]]is-
Sioll f]’()[]1~ilt ))()(1(?S [111(I ])/i I”ti(”]() ~})SOI’s)t,iUI] ;11 C(.)Ildll(’tjIl~ St I’!l CtU!PS,

* This NY)I1(\v;ts ~)criorll)r(l u]](l(’r tlw nusI)ic(+ of tl](’ C S, Dq)t, of EIK:rgy



HIEACHI TRANSMISSION EFFICIENCY

Figure 1 is a snapshot of the electron beam particles showing the geometry
of the cathode and anode and transport through the hibachi structure !km an
ISIS simulation for the Intermediate Amplifier stage of the AURORA Laser at Los
Alamos.1 The hibachi is 118 in long and 21 in high and contains 168 openings,
each 2 x 3.9 in2. The cathode is seen to be slightly smaller, 113 x 18 in2, and is
located 3.15 in behind the hibachi. A foil, not shown modeled as a conducting
plane is placed over the hibachi structure on the front side to contain the laser gas.
.41s0 not shown, but modeled, is the retur~~ current path. The simulation used 50
X150X42= 315000 cells. Each opening in the hibachi contained 4 x 5 x 7 =
140 cells. Only a small fraction of the over 400000 particles used are shown. A
~’olt,ige rising to 800 k\~ was slowly applied to the diode and the calculation was

run to steady state to obtain the snapshot. The diode produces a total current of
abo{lt 340 li.4.

FIG, 1. Diode nnd hil.)iiclli structure for the ,AURO1” ‘LIntcrnwdinte Amplifier
t iili[’li froI~] on ISIS prrt icle-in-c(’11 calculat ion.

T}w frart io]) of t lie electrons transported is less thrin the gromctrica] open
rtrrli of t 1](’hib~iclli }mcnuse the beam trajectories arc slimvcd by the cornbinnt ic)n

of cxtcrnul nnd self fields, Figure 2a shows the projection of the electrons on tl]c
x-y plnnc for all particles within 1 cm of the cathode. The emission is uniforni
and tl]c pa]ticlcs [ire cmlitted from the cathode in a reg(~lar gcmnctric pattww,
Figur(’ 21) sholvs tllo projrcti(m of th(’ elcctrcms cm the x~y plaw for tdl ])articlcs
tl]nt l~n\*c conw through the hihachi and foil for !hc case of a 500 (; rr-mgnctic

firl(l n]q)liml rilwig (lie z-wxis, in the dircrti(m of tl]c electrwl Imlilll. Tlw cffrcts

of tl]v l)(ImIl rotnt if)]) ni](l skrw”il)g, a... well us bloclmgc by tlw Ilil)nclli is ck’m]y
SPC114 (’()]l)l)lltiit io!~ of t]lr r]flctroll trnjwtorirs nnd coIlscqt]Pllt Iy t]lc trnns]l~issioll

rffit’it’tlry is ii (’()]lll)li(’ilt (’(1tllrr’(’-(lilt i(’l]siolltkl ~)rol)l(’11)i~lvolt.il]g tll(’ 9(’lf-(’011SiSt(91Jt



as \vell as applied fields.
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FIG. 2. (a) Projection of electron emitted from the cathode, (b) E!cctrons trans-
mit tcd through the hibachi for 500 G applied field.

Other calculations show thut for the
hibachi opening size presently used, the
transmission efficiency is a strong func-
tion of the iippli~d magnetic fields. Re-
cent dm’rloprncnts shoN* promise for sig-
]Iifical)tl!’ increased foil strcngth,3 These
foils ~vould be able to span larger hibachi
olmli~]g lvit]~out ru])turing from the high

pressure laser gas. T1lc results of 6 dif-

ferent calculat imls of the t mnsmission ef-
ficiencies as a function of nppliccl mag-
Iletic fi(Il(l, for tll(~ hilmclli slIown in Fig,
1 aII(l for t hc crw wl)(w t lle ttvo vcrt ical
coll]nms of openings VI(:Wreplaced by a
sislglc opmling are sunmlnrimd in Fig. 3.

Tl)r llil);lchi .g[(!l]]ctrici~l CJ]WI1arcn of the
hil)i~clli illcrriisw! f.(~11]65(fi to 80% for

FIG, 3. Simulation results shmvil)g thr
effects of hibacili opening sizo ml(i mng-

rwtic field oll transxllission cflicimlcy.

t]]c lnrgrr cq)cnings II) nddition, the sensitivity to applied rnagnctic ficl(l wns
grr[it ly rcduccd. Ii’ SUCI1foils can be obt~inwl, there arc sigl~ificunt ndtwntagwi for
transnlissio~i efficiency ill usiilg larger hibachi opcr]ings,

CRITICAI. CLJRRENT

For Inrgrr KrF nl]ll)lifi(’rs it nlny I)rrollw nw(vwry to scgil](’llt tllc diodes
(1 S(’(1 to ])11111]) tli{’ liiS(’1’. At) itll])ortm)t iss~~(’ for lwR(* nr(~~idi(’~lcs is IK)W ltirg(’



can the current be that can be produced in a single monolithic diode design. For
cathodes whose transverse dimensions are large compared with the gap between the
anode and cathode, the trans~’erse e!ectnc field which is shorted at the conducting
cathode and anode plane, will be small everywhere compared with the beam’s own

magnetic field. Thl~s the beam will experience a self-pinching. An electron on the
outer edge of the beam will fail to reach the anode, when its gyroradius is equal
to the anode-cathode (A-K) gap spacing, d. For a voltage on the diode which
accelerates particles to an energy (~ – 1)r-nc2, this condition is

~/?C/Uc = d, (1)

\vhere PC is the electron velocity and WCis the cyclotron frequency. For a cylin-
drically symmetric beam, the maximum self-field is given by B = 21/rc, where r
is the radius of the beam and I is the current. Using this expression we find the
critical current is given, in cgs units, by

(2)

For one- ciimcnsional diodes an approximate e expression for the electron current
density for diodes wit h voltages greater than 0.5 hlV has been obt ained by Jory and
Trivelpicce”i (for lo~vcr voltages, the Child-Langmuir formula is accurate). If we

ap])roxinlat,c our cylindrically symmetric diode by multiplying this current density
b)” the area of tl]e cathodr, i.e., 7rr2, wc obtain an expression for the current the
dike sllcmld prod~ce.

I = +$7’/2 - o,6’471)* (y. (3)

(4)
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The results of 7 simulations are showm
in Fig. 4 by the solid circles. The line
is the one-dimensional theory of Eq. (4).
Whet the cathode (emitting) radiu~, r, is
below the critical value, the theory pre-
dicts the diode current fairly accurately.
As r is increased beyond where the the-
ory would predict the diode to exceed the
critical current, the current de~’iates froni
the prediction of Eq. (3). For large r

the diode current approaches 1,3 times

0.0 25 5.0 7.5 no the critical current, This does not mean
@

that the diode current no longer increase

Fig. 4. Diode current as a function of as the cathode radius is made larger. It
cathode radius for idealized diode, means that the current no lon6er scales

as (r/d)z but as r/d.

Thus if a diode is pushed beyond the critical current, it does not fail to produce
a beam, even ~vithout an applied magnetic field. However, the current scaling is
not fa~orablc with r. Furthermore, the outer edge of the beam strikes the anode
at a sharp angle. L?nless the hibachi has large openings, one \\Pould not expect to
transnlit a large fractio]l of the hcarn.

It is usefu! to express these concepts in terms of tl)e diode impedance, Z =
1’/1, \vllere 1’ = (~ -1 )rnc2/c is the diode voltage. Using either Eq. (3) or Eq, (2)
al)d the conditiol~ fronl Eq, (4) for the current to hc equal to the critical current,
\Ye fil]d an expressi{m for the critical impedance which is

z,,,,= ~o#Y”2 -0.8471)2
7+1

independent of the diode

(5)

I\’itll no ap~)litd magllrtic field axl(l no expiillciixlg flmv so

II() trallst’vrse electric field is valid, one wwuld like to keep
diodr iibovc this value. For 1 I’d\~ (y = 3), the critical



single frequency, which we have correlated with the beam plasma frequency. The
arnpli t ude of the fluct uat ions grow exponentially and the figure shows evidences
of frequency doubling leading to chaotic oscillations.

The exact mechanism for the fluctuations has not been determined. However,
because diodes above the critical impedance did not exhibit the oscillations and
those below ZCrit did, one may speculate that the mechanism is associated with
the beam dynamics in the presence of its own magnetic field. As the current
exceeds the critical current, the outer electrons do not reach the anode. The effect
is to reduce the diode current and irlcrease the space charge in the A-K gap, which
also reduces the diode current. Once the current is reduced ~ne outer electrons no
!onger experience as large a magnetic field, Therefore they will reach the anode
creatixig Q larger current and hence a larger magnetic field, starting the process
over again. Simulations indicate that the oscillations may be stabilized if a strong
magnetic field is applied. The calculations at no magnetic field for the Intermediate
Amplifier exhibit cd current fluctaf.ions, while the ones at 1.5 kG were quiescent.
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FIG. 5. Diode current as a function of time sho~ving
irnl)t’da~lcm lwlmv the critical impedance Zcrit in Eq
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